Background. For many years, hydroxyapatite (HA) has been used as a bioactive endosseous dental implant coating to improve osseointegration. As such, the coating needs to be of high purity, adequate thickness, crystalline, and of a certain roughness in order to stimulate rapid fixation and form a strong bond between the host bone and the implant. There are a number of ways of preparing the HA coating, resulting in various coating properties. Herein, we report the preparation of the HA coating using a direct electrochemical method without the need for subsequent heat treatment.
Introduction
In recent years, the number of endosseous dental implants fitted to patients has risen worldwide. The clinical success of implantation is largely dependent on implant osseointegration. In addition, the integration process is affected by a wide range of factors, such as the patient's age, gender, habits, systemic diseases, anatomical location of the implant, implant size and design, surgical procedure, implant load, and, in particular, the implant surface characteristics. 1, 2 Hence, the implant surface morphology and composition has been progressively modified over the years in order to optimize the bone-to-implant contact and improve osseointegration.
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HA) has been used for many years as a bioactive implant coating to improve osseointegration. 3, 4 It has a large capacity for adsorbing proteins, it improves osteoblast proliferation, enhances bone formation and reduces bone loss. 5−9 These properties induce a more rapid fixation and stronger bonding between the host bone and the implant, and are conducive to uniform bone ingrowth at the bone-implant interface. 3, 9 The HA coating is able to limit the formation of any fibrous membrane and convert a motion-induced fibrous membrane into a bony anchorage. 9, 10 The most common method of applying the HA coating onto endosseous implants is the plasma spraying technique. This method, used since the mid 1980s, requires high temperatures for the application of the HA coating. 3 Despite the widespread use of this technique, there are significant concerns about the integrity of the bonding between the HA layer and the implant surface. High temperatures lead to the formation of the amorphous HA phase, which results in a higher bio-dissolution rate compared to a highly crystalline coating. 4, 5 The amorphous phase also causes resorption, re-absorption and degradation of the HA coating in a biological environment, which can lead to the disintegration of the coating, resulting in the reduction of both the coating-substrate bond strength and implant fixation. There is also a risk of coating delamination and disintegration with the formation of debris particles. 10 Therefore, alternative HA coating processes have been extensively researched in order to avoid these undesirable effects of plasma application. One of the most promising methods is electrochemical deposition. It has many advantages: coating composition and structure can be controlled, the temperature of the process is relatively low, coating composition is homogeneous, and the coating layer is relatively thin. The formation of an irregular surface (roughness) is also an advantage. All these factors impart favorable biomedical properties to the coating.
The aim of the present work was to characterize the HA coating obtained by a modified process involving the electrochemical formation of HA on Ti screw dental implants. The physiochemical roperties of the HA coatings were characterized in terms of structural (X-ray diffraction -XRD) and morphological (scanning electron microscopy -SEM) properties, as well as surface chemical composition (X-ray photoelectron spectroscopy -XPS), coating thickness and surface roughness.
Material and methods

Electrochemical deposition
Commercially pure Titanium class IV screw implants, 4 mm in diameter and 7 mm in length, were used (Osteoplant, Poznań, Poland). Prior to electrodeposition, the implants were sandblasted with corundum grit (Al 2 O 3 ) of a diameter of 53−75 µm and etched with 0.5 M H 2 SO 4 . The process of HA electrodeposition was carried out using an AUTOLAB potentiostat-galvanostat (PGSTAT 302N; Metrohm Autolab, Utrecht, the Netherlands) with a 2-electrode system in a galvanostatic mode, with a current of 5 mA. The implant was used as the working electrode and a platinum mesh served as a counter electrode. The electrolyte consisted of 2.08 × 10 -4 M CaCl 2 , 1.25 × 10 -4 M NaH 2 PO 4 and 0.1 M NaCl in distilled water. The pH was adjusted to 6.3 with NaOH solution. The process was carried out for 105 min at a temperature of 100°C. A 100 mL 3-neck flask was used as an electrochemical reactor and immersed in a thermostated oil bath.
Physiochemical characteristics of the HA layer
The chemical composition of the deposited coating surface was evaluated using XPS. The measurements were made using a VG Scientific photoelectron spectrometer ESCALAB-210 (VG Scientific, East Grinstead, UK) with Al Ka radiation (1486.6 eV) from an X-ray source, operating at 15 kV and 20 mA. Survey spectra were recorded in the energy range of 0-1350 eV, with a 0.4 eV step. High-resolution spectra were recorded with a 0.1 eV step, 100 ms dwell time and 20 eV pass energy. The 90-degree take-off angle was used in all measurements. Curve fitting was performed using the AVANTAGE software (Thermo Electron, Beverly, USA), which describes each component of the complex envelope as a Gaussian-Lorentzian sum function. A constant 0.3 (±0.05) G/L ratio was used and the background was fitted using a nonlinear Shirley model. Scofield sensitivity factors and a measured transmission function were used for quantification. Aromatic carbon C 1 s peak at 285 eV was used as a reference for binding energy. 11 The chemical composition, as well as the structural properties of the coating, were evaluated using XRD. The identification of the HA phase on Ti was performed using an XRD powder diffractometer (PW 1050; Philips, Amsterdam, the Netherlands), with CuKα lamp radiation and a Ni filter. X-ray spectra were recorded in the angular range of 20-60° (2Ɵ) with a step size of 0.020° and a normalized count time of 1 s/step.
The degree of crystallinity (Xc), corresponding to the fraction of the crystalline phase present in the examined volume, was evaluated by applying the equation:
where I 300 is the intensity of the (300) reflection and V 112/300 is the intensity of the hollow between (112) and (300) reflections, which completely disappears in non-crystalline samples. 13 The surface morphology of the coating was examined with a scanning electron microscope (Tescan Vega, Pleasanton, USA).
Coating roughness was measured with an optical Wyko NT1100 profilometer (Veeco Instruments, Plainview, USA) in VSI Mode, the measured area was 0.9 × 1.2 mm, under ×20 magnification. The Wyko Vision software v. 3.0 for NT1100 was used. The Plane Fit function was used to remove linear tilt from surface measurements. After that, the S-parameters analysis was used to assess the value of parameters. The surface roughness of the examined implants was measured at 5 random locations in the area planned to be in contact with bone.
To assess the coating thickness, the coated implants were potted in Poly/Bed 812 epoxy resin (Polysciences, Warrington, USA). The disks were then sectioned through the middle with a band saw, then ground and polished, and prepared for the SEM analysis. The coating thickness was measured at 5 locations (twice on the thread tops, twice in the thread valleys and once on the flank) using the distance measurement facility in the scanning electron microscope.
Results
The XPS analysis revealed HA to be the principal component of the electrodeposited coating. The Ca/P and Ca/O ratios were found to be 1.62 and 0.35, respectively, which is in agreement with the theoretical ratio for HA (1.67 and 0.38). 14, 15 In addition, small amounts (up to 1%) of F, Si, N, Na were detected as surface impurities (Fig. 1) .
The XRD pattern of the HA coatings at Ti surface is shown in Fig. 2 . The peaks indicated a hexagonal crystalline structure for HA. 16 No other forms of calcium phosphate, such as Ca(HPO 4 ) 2 × 2 H 2 O Ca 3 (PO 4 ) 2 , Ca 4 H(PO 4 ) 3, were detected, indicating that the HA coating was of high purity. 17 Intense reflexes from the titanium base were detected in the XRD spectrum, which overlapped with the HA peaks and may be attributed to a thin HA layer. Metallic titanium produces low-intensity HA reflexes, but does not interfere with the HA crystallinity determination.
Mineral crystallinity is the mass ratio of the measured HA crystal fraction compared to the whole mineral in the Fig. 1 . XPS survey spectrum of the electrochemically deposited HA coating on a titanium implant XPS -X-ray photoelectron spectroscopy; HA -hydroxyapatite. Fig. 2 . XRD pattern of the HA coatings electrochemically deposited on a titanium implant XRD -X-ray diffraction; HA -hydroxyapatite. counts/s examined sample. The higher the crystallinity, the better the mechanical properties of a material. 18 The HA/Ti degree of crystallinity was found to be 92.4%, which is not the highest possible value; however, the results were obtained for the HA coating on a titanium surface, as opposed to a pure powder. 19 The SEM analysis revealed a uniform, integrated layer of rod-like HA crystals on the titanium surface with the longitudinal axes parallel to the implant surface (Fig. 3, 4) .
Optical profilometry showed moderate surface roughness with Sa = 1.04 ±0.12 µm.
The thickness of the HA coating layer, as observed by SEM, was within the range of 2-3 μm, indicating a thin and evenly formed HA layer on the corundum-blasted surface (Fig. 5 ).
Discussion
In this study, we presented a method of homogeneous HA coating deposition on a titanium implant surface. Like other researchers, we were able to deposit the HA coating without the presence of any other forms of Ca and P with an almost ideal Ca:P ratio.
14,15,20−22 The coating was relatively thin and it was possible to detect reflexes from the titanium base in the XRD spectrum.
The preparation of the coating was a 1-stage procedure. The synthesis and deposition of HA was performed simultaneously in situ compared with other techniques, thus shortening and simplifying the process. 20, 22 In contrast to other techniques, the sintering process was not implemented after electrochemical deposition. 21, 22 Sintering increases the density of the coating and eliminates the pores, but it can also bring about mechanical degradation of the titanium and decomposition, delamination and microcracking of the HA coating. 20−22 Although sintering was not undertaken in our study, the coating was uniform and pore-free. High-temperature HA decomposition may also affect the biocompatibility of coatings, compromising the osseointegration of implants in bone. 20 The HA/Ti crystallinity was found to be high, while the amorphous phase, which is susceptible to rapid dissolution and degradation in a biological environment, was limited to 7.6%. 23, 24 Thus, the potential for a reduction of both the coating-substrate bond strength and implant fixation, due to the disintegration of the coating, was significantly mitigated. 3, 5, 18 A high coating crystallinity is also critical for the attachment of bone forming cells in the initial healing phase; it also stimulates the proliferation and differentiation of osteoblast cells. 25, 26 The SEM micrographs of the HA coating were similar in appearance to the electrodeposited and electrostatic sprayed coatings reported by other authors. 21, 22, 27 The advantage of such a dentate morphology on the Ti surface is that it can reduce the surface area which bears shearing strength while increasing the surface area bearing compressive strength. 21 It has been reported that establishing a uniform micronthick HA layer can prevent the exfoliation of the coating layer more effectively than a thicker coating layer. 25, 26, 28, 29 The SEM measurements in the present study confirmed that the specimens had a uniform HA coating thicknesses (2-3 μm). Thus, it can be assumed that the HA coating technique employed in the present study provides resistance to delamination. However, future studies should include tensile strength testing in order to test the bond strength between the coating layer and the titanium implant surface. A uniform, micron-thick coating layer could also maintain the original microtexture of the sandblasted implant surface, which has a proven potential for osseointegration. 30 To improve the bonding strength between HA and titanium implants, the surface of a Ti screw was etched with H 2 SO 4 before electrodeposition. Etching produces small pits on the titanium surface, which act as a thin scaffold between the HA coating and Ti substrate. Thus, the HA coating is able to endure greater compressive loads compared to tensile and shear loads. 21 According to Wennerberg et al., optimal surfaces for intense bone reaction require a moderate surface roughness (Sa = 1−2 µm). 30 A review of over 100 publications showed that such surfaces facilitate better bone reaction than smooth (Sa < 0.5 µm) or minimally rough (Sa 0.5-1 µm) surface implants, or some implants with rough surfaces (Sa > 2 µm).
Conclusions
Using a modified electrochemical deposition method, the HA coating was deposited on pure titanium implant surfaces during a 105-minute electrodeposition process. The obtained coating was found to be highly pure, homogenous HA, which was uniform, crack-free and thin. Moreover, its moderate surface roughness and coating crystallinity was potentially conducive to tissue reaction.
